A marine photosynthetic bacterium (strain SH1) was isolated after enrichment under phototrophic conditions in media containing dimethylsulphide (DMS) and bicarbonate (HCOi) as potential carbon sources. Analysis of culture medium using nuclear magnetic resonance spectrometry showed that during phototrophic and chemotrophic growth of strain SH1 on DMSIHCO; dimethylsulphoxide (DMSO) was produced from DMS. These results indicate that strain SH1 grew autotrophically with DMS serving as an electron donor in photosynthesis and respiration, but not as a carbon source. Biochemical characterization and 165 rRNA analysis indicated that the isolate was a strain of Rhodobacter sulfidophilus. An assay for the enzyme catalysing the oxidation of DMS (DMS :acceptor oxidoreductase) was developed by measuring electron transfer from DMS to 2,6-dichlorophenolindophenol (DCPIP). This reaction was dependent on phenazine ethosulphate to mediate electron transfer from DMS :acceptor oxidoreductase to DCPIP. DMS :acceptor oxidoreductase was found to have a periplasmic location in strain SH1 as was a reduced methylviologen : DMSO oxidoreductase activity. Zymogram staining patterns of periplasmic fractions indicated that DMS : acceptor oxidoreductase and DMSO reductase were distinct enzymes. This was confirmed by resolution of the two activities by gel filtration.
INTRODUCTION
Dimethylsulphide (DMS) is the most abundant organosulphur compound present in marine environments (Andicae & Raemdonck, 1983) and recent studies indicate that export of DMS from the ocean accounts for up to half the total annual input of sulphur into the atmosphere (Bates e t a/., 1987) . In marine environments the predominant source of DMS is dimethylsulphoniopropionate (DMSP), a compound which may serve as an osmolyte in marine algae (Reed, 1983 ; White, 1982) . Microbial cleavage of DMSP to DMS and acrylate has been demonstrated in anoxic coastal marine sediments (Kiene & Taylor, 1988) and bacteria which catalyse this reaction have been isolated (Dacey & Blough, 1987) . Since the amount of DMS entering the atmosphere is estimated to be less than 10% of the total amount produced (Kiene, 1993) there must be a number of biological routes of DMS consumption.
One potential route of DMS utilization is its oxidation to dimethylsulphoxide (DMSO), but there is very little information about bacterial species which could catalyse this reaction. Recently, purple sulphur bacteria have been isolated which are capable of photoautotrophic growth 
large number of bacterial species with the ability t o oxidize this molecule are, as yet, unidentified. In this paper we describe the isolation and characterization of a marine purple non-sulphur phototroph capable of utilizing DMS as an electron donor in autotrophic growth. We also report the development of an assay, using artificial electron acceptors, for the enzyme responsible for DMS oxidation (DMS : acceptor oxidoreductase). This assay was used t o define the subcellular location of DMS : acceptor oxidoreductase.
METHODS
Growth media. A basal medium for growth of marine phototrophs was adapted from RCV medium described by Weaver et al. (1975) and is henceforth referred to as RCV-MI In RCV-M organic carbon was omitted from the basal medium and it was supplemented with NaCl (25 g 1-') and 0.01 % yeast extract which was added from filter sterilized stock solutions. For autotrophic growth of marine phototrophs, DMS (10 mM) and filter sterilized NaHCO, were added to RCV-M medium. For photoheterotrophic growth of marine phototrophs the RCV-M medium was supplemented with sodium malate (0.4 YO, W/V) and filter sterilized DMSO to 50 mM. Absorption spectra. Whole cell absorption spectra were collected using a Phillips PU 8730 spectrophotometer. Cells were pelleted in an Eppendorf centrifuge and resuspended in 4 M sucrose before collection of spectra.
Isolation of a DMS
Fractionation of cells and enzyme assays. Cells were harvested as described by McEwan ct al. (1984) except that 25 g 1-' was included in the washing buffer. DMSO reductase was measured by following the oxidation of dithionite-reduced methylviologen as described by McEwan eta/. (1985) . The DMS : acceptor oxidoreductase activity was measured under anaerobic conditions using phenazine ethosulphate (PES) and 2,6-dichlorophenolindophenol (DCPIP) as electron acceptors. The assay mixture was composed of 1 ml of degassed 50 mM Tris/ HC1, pH 8.0, containing 1 pmol PES and 90 nmol DCPIP. After addition of sample to determine the DMS-independent rate of DCPIP reduction, the reaction was started by the addition of 20 mM DMS from a 2M stock solution in ethanol. DCPIP reduction was followed by the decrease in absorbance at 600 nrn in a single beam spectrophotometer. DMS :acceptor oxidoreductase activity was calculated from the extinction coefficient of DCPIP (21.95 mM-' cm-').
165 rRNA sequence analysis. Partial 16s rRNA gene sequence was obtained by the method of Young e t al. (1991) . This work was performed by M. R. Knox and DNA sequences were analysed by Dr J. P. W. Young (then working at the John Innecj Institute, Norwich, UK).
Quantitation of DMSO in growth media. Determination of DMSO in growth media was performed using proton nuclear magnetic resonance ('H-NMR) essentially as described by King et al. (1988) . For the NMR analysis, 1 ml samples were taken from 30 ml cultures growing either photoautotrophically or chemoautotrophically on RCV-M plus DMS/HCO,. The cells were pelleted in an Eppendorf centrifuge and D,O was added to 10 YO (v/v) . Acetone was used as an internal standard. The 'H-NMR spectra were recorded on either a 270 MHz or 400 MHz Jeol spectrometer.
Non-denaturing PAGE and zymogram staining for DMS: acceptor oxidoreductase and DMSO reductase activity. Protein samples were separated by electrophoresis on 10 '/ O acrylamide gels (30 : 0.8 acrylamide/bis-acrylamide) under non-denaturing conditions according to the method of Davis (1964) . DMS : acceptor oxidoreductase activity was detected by soaking gels for 30 min in degassed 50 mM Tris/HCl, pH 8.0, containing 1 mM PES and 300 pM DCPIP then adding DMS to a final concentration of 20 mM. Negatively staining bands appeared within 2 min. No bands appeared before the addition of DMS. Gels were stained for DMSO reductase activity by the method of Shimokawa & Ishimoto (1979).
Sephacryl 5-200 gel filtration of crude periplasm. Periplasm from 1 1 of cells grown photoheterotrophically on RCV-M plus malate/DMSO was concentrated to approx. 2 ml by ultrafiltration (Amicon PM 10 filter) and applied to a Sephacryl s-200 (Pharmacia) column (bed volume 510 ml) equilibrated with 50 mM Tris/HCl, pH 8.0, containing 150 mM NaC1. The column was eluted using the same buffer at a flow rate of 30 ml h-' ; 7.2 ml fractions were collected and assayed for DMS : acceptor oxidoreductase and DMSO reductase.
RESULTS

Isolation and characterization of a DMS-oxidizing purple phototrophic bacterium
To enrich for DMS-oxidizing phototrophs samples of surface m u d were inoculated into the RCV-M medium containing DMS as the only electron source and HCO, as an oxidized carbon source. After about 4 d, the bottles of enrichment media inoculated with marine m u d and incubated under illumination began t o turn orange-brown in colour, indicating the g r o w t h of phototrophic bacteria. T h e inoculum was subcultured into the same medium several times t o enrich for the DMS-oxidizing bacteria.
Samples of 10 pl were streaked o n t o agar plates of RCV-M medium supplemented with 0.4% (w/v) sodium malate. T h e plates were incubated either anaerobically in the light o r aerobically in the dark. On the plates incubated under phototrophic conditions red-brown colonies were seen, together with a small number of colourless colonies.
On the aerobic plates the bright red colonies of the putative phototrophs were quickly outgrown by large colonies of a colourless heterotroph. Single red colonies were repeatedly picked and streaked until no colonies of the colourless organism appeared on plates incubated under phototrophic o r aerobic g r o w t h conditions. Stocks of these pure isolates were prepared and phototrophic growth on RCV-M plus D M S / H C O , was confirmed. T h e properties of one of these isolates (henceforth referred t o as strain SH 1) aminobenzoic acid, and this mixture was used in all subsequent experiments. (Clayton, 1963) . The absorption maxima between 400nm and 500nm are probably due to carotenoids of the spheroidine type. The photosjmhetic pigment spectrum of strain SH 1 is similar to the spectra described in purple non-sulphur phototrophs of the genus Rhodobacter (Clayton, 1963) and was quite distinct from that of the DMS-oxidizing purple sulphur phototroph T. roseopersicina (Vredenberg & Amesz, 1966) . The periplasm of strain SH 1 was also examined spectroscopically and was found to contain a number of c-type cytochromes. The most abundant of these cytochromes was reducible with ascorbate and had an absorption maximum at 556 nm. Strain SH 1 was also able to utilize the C, compounds methylamine, trimethyl- Identification of DMSO as the product of DMS oxidation during photoautotrophic and chemoautotrophic growth of strain SH 1 Strain SH 1 was not able to grow phototrophically on RCV-iZL supplemented with DMS unless HCO, was included. This implies that DMS was not being used as a carbon source and was being used only as an electron donor. If this were the case then it was expected that the product of DMS oxidation, DMSO, would accumulate during growth of strain SH 1. Strain SH 1 grew with doubling times of 7.1 h and 12.5 h under photoautotrophic conditions and chemoautotrophic conditions respectively (Fig. 2a, b) . The increase in optical density was paralleled by increased levels of DMSO in the growth medium as determined by NMR analysis (Fig. 2a, b) . Moreover, the levels of DMSO did not increase when the cells reached stationary phase. Under both growth conditions DMSO accumulated to 60-70% of the initial DMS concentration by the time the cultures had reached stationary phase. The accumulation of DMSO in a control incubated in the light with no inoculum was 675 pM. This was presumably due to photochemical oxidation of DMS.
Cellular location and levels of DMS: acceptor oxidoreductase
DMS : acceptor oxidoreductase activity was released in a water-soluble form after treatment of cells with lysozyme/EDTA during fractionation (Table 1) . Malate dehydrogenase was used as a cytoplasmic marker and the relatively large proportion of this enzyme in the periplasmic fraction is probably due to rupture of a proportion of spheroplasts, since it was noted that strain SH 1 was far more sensitive to EDTA-induced lysis than was R. Table 2) .
Resolution of DMS: acceptor oxidoreductase and DMSO reductase activities by non-denaturing PAGE and gel filtration
Many species of purple non-sulphur phototrophic bacteria (Ferguson et al., 1987) . This enzyme catalyses the reduction of DMSO to DMS, the reversal of the reaction catalysed by DMS:acceptor oxidoreductase. Since strain SH 1 appeared to possess DMSO reductase and DMS : acceptor oxidoreductase activities in the periplasm (Table 2 ) this raised the possibility that the two reactions were catalysed by a single enzyme. To address this question, polypeptides in periplasmic fractions were separated by electrophoresis under non-denaturing conditions and zymogram patterns for DMSO reductase activity were examined. In periplasm from cells grown photoheterotrophically in the absence of DMS o r DMSO, no activity staining band was observed (Fig. 3, lane 1) . However, in cells grown photoautotrophically with DMS (Fig. 3, lane 2) or photoheterotrophically in the presence of DMSO (Fig. 3, lane 3) , single intense activity staining bands were observed. The R, value for these bands was identical to that of DMSO reductase purified from R. capsalatas (McEwan e t al., 1991) (Fig. 3, lane 4) . In lanes 2 and 3 (Fig. 3 ) an additional band was identified which stained extremely weakly for DMSO reductase activity. This protein had lower electrophoretic mobility than DMSO reductase. Fig. 4 shows a non-denaturing PAGE gel of the periplasmic fractions described in Fig. 3 stained for DMS:acceptor oxidoreductase activity. The gel was stained blue-green with oxidized DCPIP and activity was indicated as a negatively staining band (reduced DCPIP). This zymogram revealed that intense DMS : acceptor oxidoreductase activity (Fig.  4 , lanes 2 and 3) was associated with a protein with electrophoretic mobility identical to the band which stained weakly for DMSO reductase activity (Fig. 3, lanes  2 and 3) . N o bands staining for DMS:acceptor oxidoreductase activity were identified with the same electrophoretic mobility as R. capsalatas DMSO reductase (Fig.   4 , lane 4), although this purified DMSO reductase did appear to be able to catalyse electron transfer from DMS to DCPIP.
The above data implied that DMSO reductase and DMS : acceptor oxidoreductase were distinct enzymes. A concentrated periplasmic fraction was applied to a Sephacryl S-200 column with the aim of resolving the two activities. The DMS : acceptor oxidoreductase activity eluted first at approx. 290 ml, while the peak of DMSO reductase activity eluted at 330 ml (Fig. 5) . The near-tobaseline separation of the two activity peaks provided further evidence that DMS : acceptor oxidoreductase and DMSC) reductase were distinct enzymes. The results also indicated that DMS : acceptor oxidoreductase had a higher native molecular mass than DMSO reductase.
There are few examples of bacteria able to utilize DMS as an electron donor, although the widespread occurence of DMS, especially in marine environments, suggests that this capability might be a property of a diverse range of bacterial species. The accumulation of DMSO during growth of phototrophic bacteria described in this work and elsewhere (Visscher & van Gemerden, 1991) is consistent with DMS being used only as an electron donor and not as a carbon source. Previous characterization of DMS-oxidizing phototrophs has been restricted to T. roseopersicina (Visscher & van Gemerden, 1991) Our results also show that DMS was used by strain SH 1 solely as an electron donor in chemoautotrophic growth. This contrasts with the use of DMS by Thiobacillas species (Kanagawa & Kelly, 1986; Smith & Kelly, 1988a, b) and two isolates of Hyphomicrobiam (De Bont e t al., 1981; Suylen e t al., 1987) . Thiobacillas and Hyphomicrobiam are able to generate sulphide from DMS and sulphide is then oxidized during respiratory electron transfer to sulphate (Kanagawa & Kelly, 1986; Suylen et al., 1987) . Carbon assimilation is via CO, fixation in Thiobacillas (Kanagawa & Kelly, 1986) while in Hyphomicrobiam formaldehyde generated during DMS catabolism is assimilated via the serine pathway (De Bont etal., 1981) . In these cases DMS serves as both an electron source and carbon source.
Zhang e t al. (1991) isolated a strain of Pseadomonas acidovorans which can oxidize DMS to DMSO under aerobic conditions. However, this bacterium cannot grow under chemoautotrophic conditions, presumably because it is unable to fix CO, via the Calvin cycle. It is possible that the ability to use DMS as an electron donor may be a property of a number of chemoheterotrophs, but this capability has been overlooked because of the lack of suitable enrichment media.
Finally, the development of an assay for DMS:acceptor oxidoreductase activity has opened the way for an analysis
